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Abstract:  'We investigated the relationships between lead shot ingestion, grit size selection, bill morphology,
and diet in a community of 8 duck species and common coot (Fulica atra) wintering in the Ebro Delta, Spain.
There were no intraspecific differences related to sex or age in grit composition, lead shot, and rice-grain
ingestion. Strong interspecific differences were recorded for all these variables and for the density of bill
lamellae. The proportion of grit of size >1 mm {especially >2-3 mm) was positively correlated with the
prevalence of lead shot ingestion, as well as with rice ingestion. Rice ingestion was also positively correlated
with the prevalence of lead shot ingestion. Those duck species feeding on rice had larger grit and higher
prevalences of lead shot than herbivorous species. Contrary to the predictions of a straining mode] for food or
grit ingestion, lamellar density did not explain interspecific differences in grit selection, rice ingestion, or
prevalence of lead shot ingestion, These findings contradict previous claims in the literature, and suggest that
mechanisms other than straining are used by ducks for grit selection and lead shot ingestion,
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Lead poisoning of Anatidae and other water-
birds, resulting from the ingestion of lead (Pb)
shot discharged by hunters, is a conservation

to ingesting shot accidentally with food. Many
authors have observed relatively high preva-
lences of shot ingestion in species that consume

problem world-wide. It is particularly severe in
coastal wetlands in Spain (Mateo et al. 1997,
1998) and other parts of the Mediterranean re-
gion (Pain 1990). However, the mechanisms un-
derlying the ingestion of Pb shot remain un-
clear. Field and experimental studies suggest
that Anatidae ingest Pb shot intentionally, con-
fusing it with grit. Moore et al. (1998) observed
similar prevalences of Pb shot ingestion in spe-
cies of diving ducks with different foraging be-
haviors, and interpreted it as evidence that
ducks actively selected shot as grit, as opposed

grit of a size (2-3 mm in diameter) similar to
shot (Hall and Fisher 1985, Pain 1990). Trost
(1981) observed that captive mallards (Anas
platyrhynchos) could differentiate between shot
and grain mixed in a feeder, but this ability was
less evident for shot and grit. Similar conclu-
sions were obtained when offering grit, shot,
and grain mixed with mud and water to mal-
lards to mimic field conditions (Mateo and Gui-
tart 2000).

However, the methods used by waterhirds to
find and select grit are unclear. Some species,
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such as greylag goose {Anser anser) and Eur
asian wigeon (Anas penelope), can select grit vi-
sually (Sanchez et al. 1977, Thomas et al. 1977).
Color, size, shape, and chemical composition of
grit particles are used by many terrestrial bird
species to select grit visually (Kopischke and
Nelson 1966; Alonso 1985; Best and Gionfrido
1991, 1994; Gionfrido and Best 1996). Crit se-
lection is likely to be less visual in many duck
species owing to their dependency on flooded
environments and their nocturnal activity pat-
terns (McNeil et al. 1992). The duck bill and its
maxillary lamellae constitute a sophisticated fil-
tering apparatus (Zweers et al. 1977, Crome
1985, Kooloos et al. 1989). Several studies have
found a negative relationship between the la-
mellar density and the size of invertebrates or
seeds ingested by ducks (Thomas 1982, Nudds
and Bowlby 1984, Nummi 1993), suggesting
that the lamellae work like a filter to select food
items. Interspecific differences in lamellar den-
sity are therefore thought to have considerable
influence on the community ecology of the An-
atidae (Nudds 1992). It has been suggested that
the same mechanism functions in grit ingestion,
with species that have higher lamellae densities
selecting finer grit (Nudds 1992:552, Nudds and
Wicket 1994:779).

We tested the value of this straining model
in explaining differences among 9 waterbird
species wintering in the Ebro Delta, Spain. We
consider the interspecific relationships between
lamellar densities, rates of ingestion of Pb shot
or rice grain, and the selection of grit size. We
also test for differences between sexes and age
classes within species.

STUDY AREA

Between 35,000 and 50,000 waterbirds are
harvested using lead shot in the Ebro Delta ev-
ery year (Martinez-Vilalta 1996). Assuming that
35 cartridges with 300 shot pellets/cartridge
are used per harvested bird, the annual input
in the area can be estimated at 31.5-75.0 mil-
lion Pb shot. The Ebro Delta covers 350 km?
and hunting is allowed in 276 km? but concen-
trated mainly in lagoons and rice fields with a
total area of 52 km2. Thus an estimated 0.6-1.4
shot/m? are deposited every year in these parts
of the Ebro Delta. Studies of the top 20 cm of
sediment from 7 hunting areas in 1991-96 re-
vealed densities of 6-83 shot/m? in the rice
fields and 97-266 shot/m? in the lagoons (Gui-
tart et al. 1994, Mateo et al. 1997, Mateo 1999).
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Rice grains are a major food of waterbirds win-
tering in the area (Llorente 1984} The area
flooded or under cultivation and the proportion
of waterfow! affected by Pb shot ingestion did
not vary between years during the study (Mateo
1999).

METHODS

A total of 379 birds from 8 duck species plus
common coot were taken from the bags of
hunters during the 1991-96 hunting seasons
{Guitart et al. 1994, Mateo et al. 1997, Mateo
1999). Sex was determined by examination of
the gonads and age (Ist yr or adult) was deter-
mined by the presence of Fabricius Bursae
(Heitmeyer et al. 1893). Wing plumage char-
acteristics were also used for sexing and ageing
following Boyd et al. (1975).

Gizzards were examined externally for the
presence of shot entry holes to establish wheth-
er any shot found within had been shot-in or
ingested. Each gizzard was cut with scissors and
its content washed with water and then dried.
Vegetation was removed by flotation in chloro-
form. The precipitate was dried and placed in
plastic Petri dishes. After Pb shot were re-
moved, grit was sieved (sieve sizes: 4, 3, 2, 1.5,
1, and 0.5 mm) and each size class of particles
was weighed (Guitart et al. 1994). The presence
or absence of rice grains {with a typical size of
2.2 X 3.3 X 8.6 mm) was noted.

With the following exceptions, lamellar den-
sity was studied in 6 males and 6 females from
each of the duck species. Only 4 female gadwall
{Anas strepera), 5 female Eurasian wigeon, 5
male common teal (A. crecca), and 3 female
red-crested pochard (Nettq rufina) were avail-
able. Using methods similar to those of Kehoe
and Thomas {1887}, lamellar density (lamellae/
cm) in the upper mandible was obtained by
measuring the distance between the first 20 la-
mellae to the front of the nostril. A needle was
pushed through to the outer side of the first and
twentieth lamellae, and the distance between
them was measured,

Differences between sexes and ages in the
total weight of gizzard grit within the 2 species
with large sample sizes, mallard and northern
pintail (A. acuta), were tested with an ANOVA.
Interspecific differences between the total
weights of grit and lamellar densities were test-
ed with 1-way-ANOVAs, using a Tukey test to
establish post-hoc differences between species.
Because of the unit-sum constraint of grit size
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Table 1. Lamellar density (lamellas/cm) and percentage of occurrence of Pb shot pellets and rice in gizzards in waterbirds
wintering in the Ebro Delta, Spain, 1991-96. Gizzards with no food material were excluded when considering the percent

occurrence of rice.

Oceurrence®

Lamellar density* Ph shot Rice
Species n 3 SE N % n %

Eurasian wigeon 11 9.91¢D 0.23 25 4.0PE 25 36.0PF
Gadwall 10 10.480 0.16 25 8.0CbE 15 13.3EF
Common Teal It 13.29E 0.26 35 23 QB 27 66.78C1
Mallard 12 7.708 0.14 86 30.28 80 76.3BC
Northern pintaii 12 9.33¢ 0.15 97 7424 a0 81148
Northern shoveler 12 19.89F 0.38 36 a7.8BC 19 68.4BD
Red-crested pochard 9 6.094 0.12 21 19.0BCDE 16 50.0CPE
Common pochard 12 9.08¢ .14 26 69.24 23 g5.74
Common coot 28 3.68 28 0.0

*Two values in the same column with the: same capital letter did not differ in Tukey tests, # = 0.05.

b Twe: values in the same column with the same capital letter did not differ in 42 tests. P > 0.05.

fractions for each individual duck, differences
in grit compoasition due to sex and age {for mal-
lard and northem pintail) or among species
were studied by means of a compositional anal-
ysis of the fractions as percentages (Aitchison
1986), using a MANOVA of the log ratios of
each fraction (divided by grit =0.5 mm).

The prevalence of Pb shot ingestion and the
presence of rice in the gizzard were compared
by sex and age (for mallard and pintail) or be-
tween species with a x° test (Yates’s corrected)
or a Fishers exact probability test {the latter
when an expected cell value was <5). Interspe-
cific relationships between lamellar density, to-
tal weight of grit, proportion of each fraction of
grit, prevalence of Pb shot ingestion and rice
ingestion (% occurrence) were studied with
Pearson’s correlations between the mean values
for each species. Within mallard and pintail, the
weight and proportion of grit >2mm (similar in
size to Pb shot), were compared for birds with
and without ingested shot using a Student ¢-test.

RESULTS
Lamellar Density

Strong interspecific differences in lamellar
densities were observed (Fr5 = 2907, P <
0.001), although the differences between com-
mon pochard (Aythya ferina), northern pintail,
and Eurasian wigeon were not significant (Table
1). Likewise, the difference between wigeon
and gadwall was not significant (Table 1).

Grit Selection

No significant differences between sexes or
ages in the total weight of grit or its size com-
position were detected in mallard or northern
pintail {all with P > 0.1, Table 2).

Significant interspecific differences were ob-
served for both total weight of grit (Fgqyo =
122.6, P < 0.0001} and for their size composi-
tions (Wilkss A = 0.2, P = 0.0001). The order
of the total weight of grit was as follows: com-
mon coot > red-crested pochard = gadwall >

Table 2. Percentage of occurrence of Pb shot pellets and rice, and total weight of grit in gizzards of mallards and norhern
pintails wintering in the Ebro Delta, Spain, 1991-96. Gizzards with no food material were excluded when considering the per-

centage of occurrence of rice.

Occurrence
Pb shot Rice Total grit (g}
Sex or -
Species age H P ] % ] £ SE

Mallard M 42 30.9 38 84.2 42 101 0.12
F 44 29.5 42 69.0 44 0.87 0.14

] 34 20.4 32 78.1 34 1.01 0.16

A 39 35.9 35 74.3 39 1.01 0.15

Northern M 54 74.1 48 83.3 54 1.37 0.13
pintail F 43 74.4 42 78.6 43 1.27 0.12

] 40 73.0 40 82.5 40 1.11 .11

A 47 72.3 40 775 47 1.43 0.14
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Eurasian wigeon > common pochard = north-
ern pintail = northern shoveler (A. clypeata) =
mallard = common teal (Fig. 1). As for the
composition of grit size, 2 species groups were
observed (Fig. 1): species with grit mainly >1
mm (common pochard, northern pintail, mal-
lard, and northern shoveler) and species with
grit predominantly =1 mm (gadwall, Eurasian
wigeon, common coot, red-crested pochard,
and common teal). Tests comparing species
pairs using compositional analysis of percent
fractions were all significant {£ < 0.03) except
for common coot vs. red-crested pochard and
nerthern shoveler vs. mallard.

Lead Shot and Rice Ingestion

No intraspecific differences between age cat-
egories or sexes were detected in the prevalence
of lead shot or the frequency of rice ingestion
in mallard or northern pintail (all with £ > 0.18,
Table 2}. There were strong interspecific differ-
ences in prevalence of Pb shot (Table 1), which
allowed the species to be divided into the fol-
lowing 3 groups. The highest prevalences were
observed in northern pintail and commeon po-
chard; intermediate values were found in mal-
lard, northem shoveler, common teal, and red-
crested pochard; and the lowest values were
found in gadwall, Eurasian wigeon, and com-
mon coot.

Interspecific differences in rice ingestion
were similar to those for Pb shot prevalences
(Table 1). The highest frequencies of rice oc-
currence in gizzards were in common pochard
and northern pintail. Mallard, northern shovel-
er, commeon teal, and red-crested pochard were
intermediate, and the lowest {requencies were
in Eurasian wigeon, gadwall, and commeon coot.

Relationship between Lamellar Density,
Grit Selection, and Shot and Rice
Ingestion

Among species, Pb shot ingestion was posi-
tively correlated with the selection of grit frac-
tions >1 mm (Table 3), especially those >3-4
mm in diameter (Fig. 2). However, this trend
was not observed intraspecifically, because mal-
lards and northemn pintails with ingested shot
did not have a greater weight or proportion of
grit >2 mm than those without. On the con-
trary, mallards with ingested shot had less grit
>2'mm (n = 26, ¥ * SE; 0.07 + 0.01 g) than
those without (n = 60, 0.18 * 0.05 g; tgry =
2.01, P = 0.049). The presence of rice grains in
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the gizzard of species was positively correlated
with the frequency of grit of >1-4 mm, and
negatively with grit =0.5 mm and total grit {Ta-
ble 3). Lamellar density was not significantly
correlated with grit selection, Pb shot preva-
lence, or rice ingestion, but the oceurrence of
Pb shot ingestion was positively correlated with
the occurrence of rice ingestion (r = 0.823, P
< 0.01).

DISCUSSION

Ducks and coots have various strategies for
feeding (Thomas 1982, Piysid 1983} and these
strategies can potentially be used for ingesting
grit. In aquatic media, ducks can feed by filtra-
tion using the tongue and bill as a suction-pres-
sure pump. This process generates a flow of wa-
ter with particles into the mouth, which are
then forced laterally through the middle and
rear parts of the gape. The particles are trapped
and brushed by the maxillary lamellae and the
tongue to the back of the mouth, where they
are swallowed {Zweers et al. 1977, Kooloos et
al. 1989). A simple straining process would
therefore allow species with higher lamellae
densities to filter smaller items (Nudds and
Bowlby 1984}, Laboratory research shows that,
while lamellae act as a sieve to some extent, the
bill and tongue work in a sophisticated manner
(e.g. via centrifugation) that allows ducks to fi-
ter out finer particles than would be possible
with a simple sieving process (Crome 1985,
Kooloos et al. 1989).

Our results show that the straining model
cannot explain interspecific differences in grit
selection, and suggest that grit is not generally
ingested via sieving with the lamellae in this
manner. We found no interspecific relationship
between lamellar density and grit size, and in
some species the most abundant grit sizes were
smaller than their interlamellar distances (Fig.
1). Both ducks and coots seem likely to select
most grit using other methods such as grubbing
into the substrate and surface picking (Thomas
1982). Although Nudds (1992) and Nudds and
Wickett (1994) suggested that lamellar density
explains interspecific differences in grit size,
this is not the case either in our study or when
reassessing previous work. In Europe, grit size
data from various duck species in England
{Thomas et al. 1977) and France {Pain 1990)
show no relationship with published data on la-
mellar density (Table 3; Thomas 1982, Nudds
et al. 1994). The same is true in Australia,
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Table 3. Pearson's correlation coefficients for the different grit
size categories {% mass) with the lamellar density (tamellae/
cm) and the occutrence (%} of Pb shot and rice in gizzards of
9 species of waterbirds wintering in the Ebro Delta, Spain,
1991-96 (coot was excluded from correlations involving la-
mellar density).

Gorit sive Larmell: Occurrence

ce;tr;gg;és density Ph shot Rice
= 0.5 mm 0.081r —0.737%  —0.834%**
>0.5-1 mm 0,105 -0.379"  —0.428™
>1-1.5 mm —0.017" 0.676* 0.788*
>1.5-2 mm —0.188¢0 0,665 0.758*
>2-3 mm —0.023ms 0.770* 0.789*
>3-4 mm 0.0720 0.828** (.699*
>4 mm 0.0530s 0.727* 0.308m
Total grit 0.493" —(.587 —(.86]1***

nat signiﬁcant (P = 0.05), *F = (.05, ¥*¥P < 0], *=**P =< {.005,

where of 4 duck species studied by Crome
{1985), the grey teal (A. gibberifrons) had the
lowest lamellar density (i.e. the highest interla-
mellar distance) yet consumed the smallest grit
{Norman and Brown 1985). In some previous
studies, larger bodied species tended to have
larger grit, consume larger prey, and have lower
lamellar densities (Weller 1972, Livezey 1989).
However, it is body size rather than lamellar
density that seems to underlie such relation-
ships.

It is not surprising that the simple straining
model does not explain differences between
duck species in the ingestion of Pb shot and rice
grains, since both items are much larger than
the interlamellar gaps in any species (i.e. both
items could be filtered out by all species).
Clearly, there are limitations of the straining
model in explaining dietary differences between
duck species. Although several studies have
found that ducks with higher lamellar densities
feed on smaller items (Thomas 1982, Nudds
and Bowlby 1984, Nummi 1993), this is far
from a universal pattern. Ducks have flexible
feeding strategies and species capable of feed-
ing on small items may ignore them to concen-
trate on larger ones when these are abundant,
e.g. as in the consumption of rice by northern
shoveler and common teal in this study. Simi-
larly, Batzer et al. (1993} found mallards to se-
lect amphipods >5 mm in length, much larger
than their interlamellar gap.

We have not studied sexual differences in la-
mellar density because of the small sample size,
but previous studies with larger sample sizes
have shown males to have a lower density in
many duck species (Nudds and Kaminski 1984,
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Fig. 2. Relationship between abundance of grit fraction of 3~

4 mm (% of the total grit weight) and the prevalence of Pb shot

ingestion in 9 waterfowl species wintering in the Ebro Delta,

Spain, 1991-96 (ATR: commeon coot, PEN: Eurasian wigeon,

STR: gadwall, RUF: red-crested pochard, CRE: cormmaon teal,

CLY: northern shoveler, PLA: mallard, ACU: northern pintail,
and FER: common pochard).

Livezey 1989}, including mallard and northem
pintail. However, such differences were not re-
flected in sexual differences in grit selection or
Pb exposure in either species in our study.

Differences in Pb exposure due to sex or age
in waterbird populations have been observed by
several authors {Hoffmann 1960, Hohman et al,
1990, Merchant et al. 1991, DeStefano et al
1992, Samuel et al. 1992), but others have
found no such differences (Mudge 1983, Pain
1990, Havera et al. 1992, current study). Dif-
ferences in grit selection can translate into dif-
ferent ¥b exposures, but we have found no such
differences in mallard and northern pintail.
Other studies have found more grit in male
mallard, Eurasian wigeon, gadwall, and purple
swamphen {Porphyrio porphyrio), than females
{Thomas et al. 1977, Norman and Mumford
1985, Pain 1990). Moreover, Trost {1981) found
a higher experimental consumption of grit by
male mallards during the fall and winter, where-
as females consumed more grit in spring and
SUTMer.

Our study provides further evidence that Pb
shot are mainly ingested by waterbirds because
they are confused with grit, and that differences
between species in exposure to Pb are related
to differences in grit selection, which in tumn are
explained by interspecific differences in diet.
Species with high occurrence of rice in their
gizzards (commeon pochard, northem pintail,
mallard, and northem shoveler) had larger grit
(especially sizes >1 mm) and were most ex-
posed to Pb shot. In contrast, those taking less
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rice (gadwall, Eurasian wigeon, and common
coot) had finer grit and lower Pb prevalence.
Larger grit is effective for breaking seeds,
whereas smaller sand particles are used to cut
and grind leaves (Thomas et al. 1977). Further-
more, herbivorous ducks have a relatively large
gizzard and more grit because they must pro-
cess large amounts of green plant material,
which is less rich in energy than seeds (Barnes
and Thomas 1986).

The relationship between Ph exposure and
selection of grit particles similar in size to shot
has been established by Pain (1990), who de-
scribed a correlation between the prevalence of
Pb shot and the mean weight of grit >2 mm in
7 duck species in the Camargue, France, This
suggests that most Pb shot are ingested when
birds are secking grit and agrees with the ex-
perimental observations of Trost (1981) and
Mateo and Guitart (2000) in captive mallards.
However, since the presence of grit >2 mm is
also well correlated with the ingestion of large
seeds, such as rice, we can not rule out the pos-
sibility that some Pb shot are mistakenly in-
gested for seeds (Whitehead and Tschirner
1991). Indeed, grit ingestion and feeding on
seeds may sometimes occur simultaneously and
some overlap in mechanism is probably inevi-
table. Furthermore, we failed to find any intra-
specific relationships between grit size and Pb
shot prevalence as may be expected if Pb shot
were confused for grit. The absence of such a
relationship may be because intraspecific vari-
ation in grit size does not reflect different in-
dividual preferences but rather variation in en-
counter rates with different grit sizes.

We suggest that grubbing or surface picking
(Thomas 1982) are the main mechanisms for
grit and Pb shot ingestion, although some role
for straining in some species can not be ruled
out on the basis of our observations. Further
studies with ducks in captivity are needed to
clarify the mechanisms of shot and grit inges-
tion.

MANAGEMENT IMPLICATIONS

Many authors have recommended grit sup-
plementation to alleviate Pb poisoning (Trost
1981, Pain 1990, Moore et al. 1998), However,
little is known ahout the methods used by wa-
terbirds to ingest grit. In this study, we found
no relationship between the density of maxillary
lamellae (structures that retain food particles by
straining) and grit composition or the preva-
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lence of Pb shot. This suggests that waterfowl
take most grit independently of feeding activity,
which is important for the development of grit
supplementation as a measure to reduce lead
poisoning. However, more research on grit se-
lection, including where and how waterbirds
take grit, is essential if such measures are to be
developed successfully.
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